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This study is focused on sedimentary environments, facies distribution, and sequence stratigraphy. The
facies and sequence stratigraphic analyses of the Bahram Formation (middleelate Devonian) in south-
central Iran are based on two measured stratigraphic sections in the southern Tabas block. The Bah-
ram Formation overlies red sandstones Padeha Formation in sections Hutk and Sardar and is overlain by
Carboniferous carbonate deposits of Hutk Formation paraconformably, with a thickness of 354 and
386 m respectively. Mixed siliciclastic and carbonate sediments are present in this succession. The ﬁeld
observations and laboratory studies were used to identify 14 micro/petrofacies, which can be grouped
into 5 depositional environments: shore, tidal ﬂat, lagoon, shoal and shallow open marine. A mixed
carbonate-detrital shallow shelf is suggested for the depositional environment of the Bahram Formation
which deepens to the east (Sardar section) and thins in southern locations (Hutk section). Three 3rd-
order cyclic siliciclastic and carbonate sequences in the Bahram Formation and one sequence shared with
the overlying joint with Hutk Formation are identiﬁed, on the basis of shallowing upward patterns in the
micro/pertofacies.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
During the Silurian and Devonian, parts of Iran (central Iran,
Alborz and Sanandaj-Sirjan) along with the Afghan and Turkish
plates were attached to the Arabian and African plates and formed
the northwestern margin of Gondwana and the southern margin of
the Paleo-Tethys (Berberian and King, 1981; Husseini, 1991;
Sharland et al., 2001; Ruban et al., 2007; Al-Juboury and Al-
Hadidy, 2009). Devonian rocks are widely distributed and
superbly exposed in the south-Tabas block of central Iran (Fig. 1).
Throughout the Devonian period Iran was situated consistently
within the southern hemisphere at a latitude close to 30 (Scotese
and McKerrow, 1990, see Fig. 1). The Devonian rock units are the
Juban Formation in Saudi Arabia, Kuwait (partly), Chalki volcanics,
Pirispiki, Kaista and part of Ora formations in Iraq, the Yeginiliie).
of Geosciences (Beijing).
ijing) and Peking University. Produc
d/4.0/).Pendik and Buykecell formations in Turkey, Khoshyilagh Formation
in Alborz Iran and parts of Muli and Zakeen formations in NW and
South of Iran (Zagros) respectively (Husseini, 1991; Ghavidel-
Syooki, 1994; Al-Sharhan and Narin, 1997; Al-Hajri and Filatoff,
1999; Brew and Barazangi, 2001; Sharland et al., 2001;Wendt et al.,
2002, 2005; Laboun, 2010; Wehrmann et al., 2010; see Fig. 2) and
the Bahram Formation in central Iran. Ruttner et al. (1968) named
and measured the Bahram type section in the Ozbak-kuh Province
about 150 km north of Tabas it is composed of grey to dark grey
limestone with intercalation of grey shale and marl. Unfortunately,
Ruttner et al. (1968) had chosen the Ozbak-Kuh Mountains as type
localities for his newly established formation but few other areas in
Iran appear less suitable for such a lithostratigraphic framework
(Wendt et al., 2002). Due to the abundance of brachiopods, it was
called “brachiopod skalk” that is interval overlying the Sibzar and
underlying the Shishtu Formation (Flugel and Ruttner, 1962). Later
by Stockline et al. (1965) they use the name Bahram Formation for
the beds. Lithology of Bahram Formation is different in other areas
of central Iran. On the other hand, the Bahram Formation in north of
Kerman is mostly composed of carbonate and clastic rockstion and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
Figure 1. Location map of the study area and measured stratigraphic sections in south-central Iran. (A) Structural and geographic framework of Iran showing the main sutures,
structural units and geographic areas; (B) close-up view of black square in (A), south-central Iran. Subdivisions of the central Iran province and location of the south Tabas block
(modiﬁed from Wilmsen et al., 2010; Zand-Moghadam et al., 2014); (C) close-up view of black-square in (B), distribution of Devonian rocks in the KermaneKuhbananeRavar area
and the locations of measured sections in south Tabas block (modiﬁed from Wendt et al., 2002).
A. Hashmie et al. / Geoscience Frontiers 7 (2016) 821e834822(Huckriede et al., 1962; Vahdati-Daneshmand et al., 1995; Wendt
et al., 2002). The regional geology and stratigraphy of the Kerman
area have been described byHuckriede et al. (1962) andWendt et al.
(2002, 2005). The fossil content of the Bahram Formation has been
illustrated by various authors and includes: brachiopods
(Dastanpour and Bassett, 1998), trilobites (Morzadec et al., 2002),
crinoids (Webster et al., 2003), acritarchs and miospheres
(Ghavidel-syooki and Mahdavian, 2010) and conodonts
(Gholamalian, 2003, 2007; Gholamalian and Kebriaei, 2008;
Gholamalian et al., 2009; Bahrami et al., 2011). Few previous
studies focused on the depositional environments of the Bahram
Formation, especially in the Tabas block. The most comprehensive
study on the Devonian rocks in Iranwas carried out byWendt et al.
(1997, 2002, 2005). They believed that the middleelate Devonian
rocks (Bahram Formation) were deposited mainly on a shallow
carbonate platform at the northern margin of Gondwana that is
delineated by land areas in the north (eastern Alborz), southeast
(Yazd Block), and southwest (Zagros). Themain scope of this study is
to study the facies and sequence stratigraphy of middleelate
Devonian (Bahram Formation) and to identify sedimentary envi-
ronments in two different regions (Hutk section, 25 km along the
Kerman-Zarand road, next to Hutk city; and Sardar section, 3.5 km
east of Hossein-Abad and 49 km north of Kerman). Finally, based on
facies variation, we analyzed the sequence stratigraphy of the Bah-
ram Formation (sections) in south Tabas block in central Iran (Fig.1).
2. Geological setting and study area
In Iran, Devonian successions are exposed in limited places.
They aremost complete and widespread in the eastern and centralAlborz and central Iran (Wendt et al., 2005). The study area is
located in the central part of the Central-East Iranian Micro-
continent (CEIM; Takin, 1972; Stocklin, 1974; see Fig. 1A). The
CEIM, together with central Iran and the Alborz Mountains, forms
the Iran Plate, which occupies a structural key position in the
middle eastern Tethysides (Sengor et al., 1988; Sengor, 1990). The
CEIM consists of three north-south oriented structural units,
called the Lut, Tabas, and Yazd blocks (Fig. 1), which are now
aligned from east to west, respectively (Stocklin, 1968, 1977). The
Tabas block is bounded by the Great Kavir Fault in the north, the
Nain Fault in the west and the Nayband Fault in the east (Fig. 1C).
Tectonically the area is part of a foreland basin ﬁlled dominantly
with a thick sequence of clastic and carbonate sediments. The two
mentioned regions show remarkable outcrops of the Bahram
formations (Fig. 3), which is affected by the structural impressions
(faults) and also petrological nature of the formations. Long strike
faults (which have cut the anticlines longitudinally and opened
them laterally by erosion), short faults (which cut them width-
wise) and lineaments which are of structural and stratigraphical
origins are typical structural elements in the regions, exhibiting a
lowmorphology and more or less change in thicknesses. The older
crustal blocks are relatively rigid, whereas the surrounding strata
are more easily deformed into mountains and fault zones, a
broken, mountainous belt separates the Tabas blocks. The Kouh-
banan Fault (a branch of Nain Fault) zone deﬁnes the straight,
sharp area margin of the Tabas block. Early to middle Cambrian
volcanic rocks of the Rizu complex blanketed the oldest lithos-
tratigraphic units in the studied area which compound early
Cambrian red sandstones and shales of the Zaigun and Lalun
formations (Fig. 3).
Figure 2. (A) Stratigraphic correlation chart of the Devonian rock units of Iran, Iraq, Saudi Arabia, Egypt and Turkey (with slightly modiﬁed after Husseini, 1991). (B) Stratigraphic
correlation chart of the Silurian to Permian units in the KermaneKuhbananeRavar area (with slightly modiﬁed after Wendt et al., 2002). For legend see Fig. 4.
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Two stratigraphic sections of the middle to late Devonian suc-
cession were measured, sampled and described reﬂecting coeval
environments along north direction (Kerman) (Fig. 1). The sections
were described in the ﬁeld, including their weathering proﬁles,
size, color, lithology, relevant characteristics of the beds in vertical
succession, lateral variations when there were changes in the
sedimentation facies and bedding surfaces. 182 uncovered thin
sections were produced (86 thin sections from the Hutk section and
96 thin sections from the Sardar section). Some samples of lime-
stone have been analyzed to ensure about phosphorite contents. All
thin sections were checked under the microscope for petro/
microfacies analysis. The terminology of limestones and dolostones
is based on the classiﬁcation introduced by Dunham (1962) and
Embry and Klovan (1971). The petrographic description of the
sandstones follows Pettijohn et al. (1987). The mud rocks classiﬁ-
cation follows the scheme of Dorrik (2010). Facies deﬁnition was
based on the microfacies characteristics, including depositionaltexture, grain size, grain composition, energy index classiﬁcation
and fossil content. Fossils and facies characteristics were described
in thin sections from 182 samples used for sequence stratigraphy
analyses. Abundance of green algae, gastropoda, bivalves, echino-
derms, and non-skeletal grains (e.g., ooids, intraclasts, peloids, and
aggregate grains) were considered. Sedimentologic textures and
structures were considered qualitatively. Facies and microfacies
types were mainly compared on the basis of the classical models
provided by Wilson (1975) and Flugel (2010). For sequence strati-
graphic interpretation, the concepts developed by many in-
vestigators (Emery and Myers, 1996; Catuneanu et al., 2005, 2009)
were used. The combined use of facies and sedimentologic features
(e.g. grain size, degree of sorting, grain composition and sedimen-
tary structures) has resulted in high resolution correlations for the
middle to late Devonian strata across the sections depression and
provided a framework for interpretation of a detailed depositional
environment. Sequences are deﬁned as a conformable succession of
genetically related strata, bound at the top and bottom by
disconformities.
Figure 3. Simpliﬁed geological maps of the study areas with locations of the studied
sections. (A) Sardar section, and (B) Hutk section sheet 1:100,000 of Zarand by
Vahdati-Daneshmand et al. (1995), sheet 1:100,000.
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The Bahram Formation in the sections conformably overlies the
Padeha Formation with a transitional contact and underlies the
Hutk Formation (equivalent to Shishto Formation) para-
conformably. The hiatus which comprises a time span of up to 200
Ma can be explained by a widespread emersion (northwest
Kerman) (Wendt et al., 2002). The conodont fauna collected in this
section allows to assign a Givetian, Frasnianelate Famennian age to
the Bahram Formation (Wendt et al., 2002). The Bahram Formation
in both sections is dated as lower falsiovalis e upper marginifera
zones (late Givetianemiddle Famennian). Two new conodont
species, Polygnathus jatalenti n. sp. ranging upper falsiovalis e
lower hassi zones and P. chatrudensis with a range of upper hassi e
linguiformis zones are erected. New age ranges of lower falsiovalis
e upper rhenana zones and transitans e upper rhenana zones are
proposed for P. zinaidae and P. alvenus. In the study area, the
Bahram Formation is between 351 (Hutk) and 386 m (Sardar) thick,
and generally includes limestone, sandstone, dolomite and shale
units (Fig. 4). The rocks contain skeletal grains of various groups,
including debris fossil and brachiopods which are very common
together with coral, bryozoans, echinoderm, ﬁsh remains, gastro-
pods, calcareous algae and bivalves. The rocks contain structures:
ripple mark, cross bedding, mud crack, mud drapes, lamination,
calcite veins and Scoyenia trace fossil. The followings are brief
stratigraphic and lithological descriptions of study sequences
which are summarized in Fig. 4.5. Facies description and depositional environment
The Bahram Formation at the studied sections is subdivided into
14 different microfacies, each characterised by a depositional
texture, petrographic analysis, skeletal and nonskeletal compo-
nents. The general environmental interpretations of themicrofacies
are discussed in the following paragraphs. Based on paleoenvir-
onmental and sedimentological analysis, 5 facies belts can berecognized: detrital facies (shore and mud ﬂat) and carbonate
facies (tidal ﬂat, lagoon, shoal and shallow open marine).5.1. Shore environment
5.1.1. Quartzarenite facies
Quartz is the dominating framework grain in the studied thin
sections (Fig. 5A). The quartz grains are mostly monocrystalline.
Recycled micritic grains are moderately sorted, with a grain-
supported texture, set in calcite spar (Fig. 5B). The high compo-
sitional and textural maturity in the Bahram Formation quartz-
arenite, as well as trough and planar cross-bedding, ripple marks
that are symmetric, laminations and scoyenia trace fossil indicate
a high energy depositional environment for this facies
(Fig. 5DeH). Asymmetrical of ripple marks are known to be
characteristic of a coastal environment (Longhitano et al., 2012).
Vertical grading of the quartzarenite to lithic sandstone, cross-
bedding, and a vertical association of the clastic facies with car-
bonate tidal facies point to sedimentation in a shallow supratidal
to an upper intertidal (foreshore to shoreface) environment
(Flugel, 2010). In general, ﬁning upward cycles of sandstone with
features such as wavy and interference ripple marks and cross-
bedding show that the petrofacies in the studied area was
deposited in a costal environment (Chakraborty and Sensarma,
2008).
5.1.2. Sublitharenite facies
This petrofacies is brown to light-brown, thin to medium
bedded, ﬁne to medium grained, sub-rounded, submature to
mature (high quartz) sandstone. It consists of sedimentary lithic,
feldspar, muscovite and >80% quartz, with carbonate and ferru-
ginous cement and about 3% matrix (Fig. 5C). The main charac-
teristic of this lithofacies observed is the presence of planar cross-
bedding and herringbone (Fig. 5G, J). Mud drapes were observed
between many sandstone layers (Fig. 5K). The association of this
facies suggests that deposition took place in shallowwaters and at
a different energy level (offshore) (Kostic et al., 2005). The pres-
ence of herringbone structures indicates that this facies was
deposited in a ﬂuctuating current direction setting, most likely
tidal ﬂat, especially intertidal setting (Strand, 2005; Folkestad and
Satur, 2008).
5.1.3. Shale facies
Shale layers show thickness of less than 1 m and are interca-
lated with carbonates and sandstones (Fig. 5L). There is typically a
delicate and visible lamination in which individual lamina is
characterized by normal grading and an erosional base. The shales
show two different colors including light brown ﬁssile with hor-
izontal lamination (siltysand) and grey to dark grey shale-form
(Fig. 5H). Laminated shale contains very ﬁne to ﬁne, angular to
sub-angular quartz grains, clay lamina and bioclastic debris. Fine
quartz grains are abundant (<10%) in some parts silty form in
sandy shale. The calcareous shales form (Fig. 5L) includes bio-
clastic debris, mud cracks and bioturbation (Fig. 5I). Fine to me-
dium grained quartz, bioclastic debris and bioturbations in shale
form show normal marine condition in a lower shoreface envi-
ronment (such as mud ﬂat). The grain size, bioturbation and
bioclastic debris indicate that the light brown and gray shales
were deposited in a low energy marine setting in an intermediate
continental-marine environment (Warren, 2006). Mud crack
sediment deposited in a costal environment or tidal ﬂat setting
(Warren, 2006). Also the bioturbated shales that are intercalated
with sandstones indicate mixed mud-sand tidal ﬂat deposition
(Reineck and Singh, 1975).
Figure 4. Stratigraphic sequence and rock components of studied succession in the Hutk and Sardar sections (according to ﬁeld observation).
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5.2.1. Sandy bioclastic grainstone microfacies
The sandy bioclastic grainstone consists of medium-bedded,
light gray, partially fossiliferous beds. The fauna includes
brachiopod, echinoderm and bivalve debris. Fine- to medium-
grained, poorly sorted, angular to subrounded, monocrystalline
quartz is also present (approximately 15%). The allochems are
cemented by a blocky and drusy sparite (Fig. 6A). This facies occurs
at the base and top of the Bahram Formation, and it marks the
beginning of its carbonate deposition. Given the presence of the
sand-sized quartz minerals and the lack of micrite, it appears that
the sandy bioclastic grainstone was formed in a high energy envi-
ronment in tidal channels (Shinn, 1983, 1986).
5.2.2. Sandy dolomitized mudstone microfacies
This facies is thin to medium bedded dolomicrite with
detrital grains (about 15% sub-rounded quartz). Its carbonate
matrix (micrite) has suffered neomorphism and dolomitization.
Main features of this facies include sand-sized detrital quartz,
bird eyes fabric, calcite veins and dolomitization also low di-
versity of fossils. Sometimes dolomitization has led to obscuring
primary textures of the rocks (Fig. 6B, C). Also there are skeletalfragments of brachiopods and crinoids (about w5% of a total
allochems) (Fig. 6D). These features and association with
shallow facies (sandstone, shale and lagoon facies) demonstrate
deposition in tidal ﬂat and supratidal environments (Tucker,
2001; Bodzioch, 2003; Flugel, 2010). High amounts of micrites
demonstrate a low energy in environment (Adachi et al., 2004).
The dolomitized micrite and dolomudstone with fenestral were
deposited in upper intertidal environments and according to
Flugel (2010), sediments composed of a mixture of carbonate
and siliciclastic sediments are common in near-coast and inner-
shelf settings as well as at high latitudes (Palma et al., 2007).
Dolomitization in this facies indicates depositions close to tidal
ﬂat (Lasemi et al., 2008).
5.3. Lagoon environment
5.3.1. Pelloid bioclastic packstone microfacies
This facies consists of gray, medium to thick beds of a peloid
bioclast packstone. Peloids (40%) are the most abundant compo-
nents in this microfacies and most peloids are uniform in size
(Fig. 6E). The skeletal debris forms 30% of this facies and consists
of echinoderms, brachiopods and algae. All the allochems are
cemented by several generation by sparry calsit however the
Figure 5. (A) Photomicrograph quartzarenite petrofacies with quartz grain, XPL; (B) photomicrograph quartzarenite petrofacies that is cemented by dolomite, XPL; (C) photo-
micrograph sublitharenite with feldspar and muscovite grain (arrows) and cement dolomite, XPL; (D) Scoyenia trace fossil (arrows) between sandstone beds; (E) wavy ripples in the
quartzarenite; (F) succession quartzarenite with planar cross-bedding; (G) succession of trough cross-bedding (arrows) in the sublitharenite; (H) beds of horizontal and laminated
sandstone (arrows) overlie succession shale; (I) beds with mud cracks in facies association; (J) succession of sandstone (herringbone cross-bedding and lamination); (K) mud drapes
(arrows) between sandstone beds; (L) succession alternation shale and sandstone.
A. Hashmie et al. / Geoscience Frontiers 7 (2016) 821e834826matrix is mainly micrite. This facies is distinguished by the
abundance of pellet (maximum size 1 mm) and pelloids. This
microfacies is interpreted to be located in the outer facies of a
lagoon. In peloidal packstones, the presence of bioclasts and
dominance of peloids indicate deposition in a low energy, shallow
lagoonal environment with poor connection with the open ma-
rine (Tomasovych, 2004) and the low variety of fossils demon-
strate deposition in enclosed shallow subtidal environment with
low sedimentation rate (Tucker and Wright, 1990; Tucker, 2001;
Flugel, 2010).
5.3.2. Bioclastic Umbellina (Calcareous algae) wackestone
microfacies
The bioclastic wackestone consists of thin- to medium-bedded,
light to dark gray beds of skeletal debris cemented by a micrite. The
sparse skeletal fragments include crinoid stems and brachiopods,
Umbellina algae (about 35%) and less than 5% debris fossil are mi-
nor grains (Fig. 6F). The skeletal grains are relatively intact (Fig. 6F).
The skeletal grains have commonly micritized boundaries that
show evidence of boring by algae (Flugel, 2010). The relatively low
diversity and low abundance normal marine fauna, in the bioclast
wackestone suggest the deposition was in a quiet water and
lagoonal environment (Wilson, 1975; Hine, 1977; Nichols, 2000).
This facies was depositedmainly in a sheltered lagoon environment
with an open marine circulation under a low to moderate energynear shoals. The features of mentioned microfacies such as the
lagoonal existence of gastropods, Umbellina algae and small bra-
chiopods in micrite are indicative low energy environment
(Bachmann and Hirsch, 2006; Husince and Sokac, 2006; Palma
et al., 2007).
5.4. Shoal (barrier) environment
5.4.1. Coral framestone microfacies
This facies is composed of tabulte, rugose coral in, massive and
domal colonies. Large coral fragments and bryozoanc are the main
components. Subordinate components include crinoid debris. The
degree of fragmentation and micritization in the fossils is relatively
high and cavities of corals are ﬁlled by secondary dolomite and
ferruginous cements (Fig. 7AeC). Textural features, stratigraphic
relationship and the reworked characteristics of the coral frag-
ments suggest that this microfacies formed in an upper slope
environment under low- to medium-energy. Fragmentation in-
dicates high energy, but dominance of micrite indicates that the
high level of energy was not constant. Encrustations by corals and
bryozoans probably occurred during calm phases (Kershaw and
Brunton, 1999). The substratum was hard, appropriate for the
attachment of diverse colonial organisms (Brett, 1988). This
microfacies is interpreted to have been formed by in situ organisms
as an organic reef (Wendt et al., 2002) and their few lateral
Figure 6. Photomicrograph showing (A) sandy bioclastic grainstone, XPL; (B) sandy dolomitized mudstone with fenestral fabric, XPL; (C, D) sandy dolomitized mudstone with grain
quartz and dolomitization, XPL; (E) pelloid bioclastic wackestone/packstone, XPL; (F) bioclastic umbellina wackstone, PPL.
A. Hashmie et al. / Geoscience Frontiers 7 (2016) 821e834 827spreaded may indicate probably a patch reef in initial stages of
development, affected by episodic storms and deposited in a
shallow open marine shelf.
5.4.2. Ooid bioclastic grainstone microfacies
This facies is dark, medium bedded limestone. The predominant
grain types are ooids and skeletal fragments. Biotic grain types
include crinoids, brachiopods and gastropods. These grains are
spherical, less structure and well sorted. Ooid nuclei consist of
recrystallized shell fragments. Ooids have been inﬂuenced dolo-
mitization and hematitization (Fig. 7D, H). To create ooids, it is
required a saline and energetic environment (Tucker et al., 1993;
Flugel, 2010). The features of this facies indicate moderate to high
energy shallow waters with much movement and reworking of
bioclasts and the production of ooids. Present bioclasts, ooids with
tangential structures in this facies indicate a high energy environ-
ment that has been subjected to constant wave agitation and pro-
duced a well sorted grainstone (Tucker and Wright, 1990; Flugel,
2010) and cements demonstrate deposit on high energy environ-
ments of a seaward shoal within the surf zone (Wilson,1975; Palma
et al., 2007; Reolid et al., 2007; Adabi et al., 2010; Flugel, 2010) such
energetic deposits mostly spread as barriers on carbonate plat-
forms (Van Buchem et al., 2002).5.4.3. Intraclastic bioclastic grainstone microfacies
This facies forms thick-bedded, light to medium gray beds
composed of moderately sorted intraclasts (25%) and bioclasts
(20%) that are surrounded by a sparite cement (Fig. 7E). Intraclasts
are generally polymodal in size, ranging from 0.5 to 4 mm, with an
average of 2.5 mm. Most of the intraclasts are subangular to
angular. Some intraclasts are internally homogeneous and consist
of micrites, while others display internal compositions such as
pelloids and fossils. Bioclasts of algae, brachiopod and coral debris
are present. All the allochems are cemented by sparite. Intraclast
grainstones are often interpreted as deposits formed by stormwave
erosion, tidal currents and reworking of various sediment types
occurring in shallow-marine environments (Flugel, 2010). Round-
ness of intraclasts and the presence of sparite cement indicate
depositition in high energy environments of erosive tidal channels
of barriers (Tucker and Wright, 1990) that connect at lagoonal with
open marine environment. The coarse and whole grains of the
intraclasts and grainstone suggest that this facies was a leeward
shoal.
5.4.4. Ooid grainstone microfacies
This microfacies type is less prominent in samples from the
Hutk section. The grains consist of different components such as
Figure 7. (A) Coral between succession coral boundestone microfacies; (B) photomicrograph coral boundestone microfacies, XPL; (C) bryozoa between coral boundestone
microfacies, XPL; (D) photomicrograph of ooids and bioclast grain in the ooid bioclastic grainstone microfacies that is cemented by dolomitization and hematization (arrows), XPL;
(E) photomicrograph intraclast bioclastic grainstone microfacies, XPL; (F) photomicrograph ooid grainstone, aggregate (arrows) upper picture, PPL; (G) aggregate grain in the
succession limestone; (H) photomicrograph ooid grain with contains debris fossil, PPL.
A. Hashmie et al. / Geoscience Frontiers 7 (2016) 821e834828ooids and algae (Fig. 7F, G). This facies consists of thick-bedded,
ﬁne- to coarse-grained ooid grainstone. The well-sorted ooids
form 80% of this facies with less than 10% non-coated skeletal
debris present. Grainstone texture, concentric ooids, and well-
sorted components in these facies are indicators of high energy
environment (Reolid et al., 2007). Such high energy deposits are
typically associated with carbonate shoals and bars on or near the
seaward edge of platforms (Wilson, 1975; Van Buchem et al., 2002;
Flugel, 2010). The ooid grainstone represents shallowing-upward
upper ramp shoals (Read, 1985).5.5. Shallow open marine environment
5.5.1. Phosphatic packstone/grainstone microfacies
This microfacies is brown, thin bedded limestone (Fig. 8C). The
predominant grain in this microfacies is phosphorite (20%). Major
element geochemistry of the phosphorite samples (Table 1) shows
that the amount of phosphorite is large. This microfacies is made up
of alternations of ﬁne to coarse phosphorite packstone and grain-
stone and small amounts of debris fossil and bryozans in spar
(Fig. 8A, B). Well rounded quartz grains amounting to <5% are
Figure 8. (A) Photomicrograph showing fossil and quartz grain that is cemented phosphorite, XPL; (B) photomicrograph phosphorite packstone/grainstone microfacies, XPL; (C)
thin bedded containing phosphorite and debris fossil; (D) photomicrograph bioclastic packstone/wackstone, XPL; (E, F) succession limestone containing crinoid stem brachiopds
abundant (bioclastic packstone/wackstone microfacies).
A. Hashmie et al. / Geoscience Frontiers 7 (2016) 821e834 829present. Fining upward cycles of carbonate facies with in-
tercalations of deep open marine facies has been well-documented
in the lower depositional sequence of Bahram Formation. Fossil
debris in the microfacies association indicates seaward shoal to
open marine setting. Intercalation of shale with thin bedded,
phosphorite bearing limestones conﬁrms shallow open marine
environment with upwelling (Cook and Shergold, 1986; Frohlich,
2003). In phosphorite limestone intercalations, placoderm re-
mains are locally abundant, and maybe phosphorite composition of
this microfacies reﬂects secretion by ﬁsh under conditions of excess
dissolved reactive phosphorus in the water column that was most
likely associated with upwelling and cooler-water conditions on
the shelf during maximum transgression (Katherine et al., 2002).Table 1
Major oxide values (wt.%) of the selected limestone samples of the Bahram Formation in
Section Thickness (m) SiO2 Al2O3 BaO CaO Fe2O3
Sardar 98 12.05 1.41 0.05 46.30 3.37
Sardar 300 10.02 0.75 0.04 47.04 3.52
Sardar 305 36.56 2.14 0.05 29.19 4.96
Hutk 28 17.5 1.02 0.08 39.8 4.7
Hutk 235 29.01 5.2 0.12 24.8 7.015.5.2. Bioclastic packstone/wackestone microfacies
This microfacies is consisted of colored cream, thick bedded
limestone. These sediments contain brachiopods, echinoida, bryo-
zoa, bivalves, gastropod and shell fragments (Fig. 8DeF). No sedi-
mentary features indicative of shallow water or high energy
sedimentation were observed. The lime-mud dominated lithology,
presence of bioclasts and stratigraphic position indicate that
deposition took place in a low energy shallow water environment
below stormwave base (Corda and Brandano, 2003). Fabric and size
of its skeletal grains and their similarity to bioclasts of barrier facies
indicate an open marine position close to barion below seaward
barrier. Presence of micrite and lack of detrital grains demonstrate
to deposit it under wave base and conditions of a low energyseveral thicknesses.
K2O MgO MnO Na2O P2O5 SO3 TiO2 LIO
0.17 0.35 0.05 0.32 17.50 0.68 0.13 17.49
0.21 0.42 0.07 0.28 19.85 0.92 0.17 16.7
0.38 1.56 0.05 0.47 17.04 0.77 0.24 6.55
0.25 0.30 0.02 0.45 17.98 0.50 0.10 16.4
0.02 3.7 0.35 0.52 17.80 1.01 0.28 10.02
A. Hashmie et al. / Geoscience Frontiers 7 (2016) 821e834830environment. Variety and size of bioclasts indicate deposition in
shallow open marine setting (Spalletti et al., 2001).
6. Sedimentary model
Facies models represent comprehensive summaries of processes
within sedimentary environments that can be obtained from evi-
dence of modern and ancient facies (Walker, 2006). Due to their
well-deﬁned palaeoecological requirements, they represent valu-
able facies indicators (Rasser et al., 2005). Palaeogeographic maps
of the late Ordovician to late Devonian of northern Arabia suggest
that north Africa and Arabia formed a broad stable continental shelf
on the northern margin of the Gondwana supercontinent
(Husseini, 1991; Sharland et al., 2001; Wendt et al., 2002, 2005;
Golonka, 2007; Ruban et al., 2007; Torsvik and Cocks, 2009;
Domeier and Torsvik, 2014) bordering the Paleo-Tethys ocean
(Fig. 9A, B). Bahram Formation (middleelate Devonian) times a
relative rise of sea level ﬂooded the pre-existing carbonate plat-
forms and surrounding siliciclastic shelves (Wendt et al., 2002)
(Fig. 9B). After a long period of near shore and intertidal conditions
during the early and early middle Devonian (Padeha Formation),
the onset of open marine conditions appears diachronous (Wendt
et al., 2002). According to the Devonian paleogeography of Iran
(Sharland et al., 2001; Wendt et al., 2002, 2005; Ruban et al., 2007;
Domeier and Torsvik, 2014), the sediments of the Bahram Forma-
tion were deposited in a divergent passive margin setting at the
southernmargin of Paleotethys Ocean (Domeier and Torsvik, 2014).
The opening of this ocean (rift basin) can be traced to the Silurian
time, and the rift basin was converted to stable passive margin in
the Devonian time (Berberian and King, 1981). Facies patterns and
sedimentary environments north of Kerman indicate a carbonate
platform and a shallow open marine embayment during the lateFigure 9. Paleogeographic map of central Iran during the late Devonian. (A) Paleogeograph
land (Domeier and Torsvik, 2014); (B) close-up view of yellow square of Fig. 9A. Paleo-tecto
plates during the late Devonian (modiﬁed from Golonka, 2007; Ruban et al., 2007; Torsvik an
of north Kerman during the upper Givetian to Famennian (modiﬁed form Wendt et al., 2002
study area with available allochem in facies belt.middleelate Devonian (Wendt et al., 2002) (Fig. 9C, D). Wendt and
his coworkers (2002) divided Bahram Formation palaeogeography
into three part in the north of Kerman (Fig. 9C). All the studied
sections of this study are zone shallow open marine. The recog-
nized microfacies have allowed the differentiation of several
carbonate-clastic marine system environments including supra-
tidal shoreline (with mud ﬂat), tidal ﬂat, lagoon, shoal and shallow
open marine environments (Fig. 9D). Terigenous rocks with fea-
tures such as ripple marks, herringbone and cross-bedding in most
sandstone facies associationwithmature sandstone petrofacies and
primary ﬁne crystal dolomite show that they were deposited in a
costal environment or tidal ﬂat setting. Mud cracks (in shale facies)
and Scoyenia trace fossils are commonly related to the supratidal
and upper intertidal zones. The reef builders are partly in place,
partly overturned and accumulated, probably by storm events
(Wendt et al., 2002). The platform margin is represented by ooid
and bioclast grainstone. Ooid and bioclast grainstone is interpreted
to represent a shoal in a shallow subtidal zone, characterized by the
winnowing of coarse-grained and sorted ooid and bioclast frag-
ments. The predominantly coarse and well-sorted allochems indi-
cate deposition in a well-circulated environment in a shallow
subtidal zone (Schulze et al., 2005). High energy shoal facies belt
formed a barrier at the platform margin and protected a very wide
lagoon. The presences of peloids and algae allochem, high energy
shoal facies, protected lagoon, are all evidence of deposition on a
broad carbonate-clastic shelf (Schlager, 2005; Flugel, 2010). The
shallow open marine is represented by copious bioclastic
(brachiopod, crinoid) packstone. The predominantly phosphorite
indicates deposition in an open marine during the upwelling. The
occurrences of diverse skeletal grains, abundant ooids, peloids and
some intraclasts and early diagenetic dolomites in the Bahram
limestone are similar to those in modern, tropical, shallow-marineic reconstruction showing simpliﬁed plate boundaries and Iran location of Gondwana
nic, paleogeographic and lithology map of the north Gondwana land and central Iran
d Cocks, 2013). The central Iran is shownwith chromatic line; (C) paleogeographic map
); (D) schematic block diagram for depositional model of the Bahram Formation in the
Figure 10. Facies and sequence stratigraphy correlation chart of Hutk and Sardar
sections. The recorded four sequence boundaries and depositional sequences are
illustrated.
A. Hashmie et al. / Geoscience Frontiers 7 (2016) 821e834 831waters (Lees, 1975). During deposition of the Bahram Formation a
shallow open marine environment was established as documented
by skeletal limestones, sandstones, dolomites and shales (Fig. 9D).
7. Sequence stratigraphy
Sequence stratigraphy deﬁnes depositional systems and sur-
faces related to change of eustatic sea level. The sedimentary facies
characteristics of the Bahram Formation show a distinctive number
of sequence boundaries, systems tracts and depositional sequences.
We constructed a sequence stratigraphy for the studied sections
based on standard classiﬁcation of Catuneanu et al. (2005, 2009)
that considered four standard 3rd-order (Vail et al., 1977) system
tracts (LST, TST, HST, FSST). Bahram Formation has been deposited
in the upper and lower Kaskaskia Mega sequence (Gradstein et al.,
2004). In the description of sections, deepening trends are
considered to be a transgressive system tract (TST), shallowing
trends are interpreted as a highstand system tract (HST), the change
from deepening towards shallowing is interpreted as maximum
ﬂooding surface (mfs). During the early and early middle Devonian
near shore and intertidal conditions afterward the onset of open
marine conditions appears diachronously (transgressive) (Wendt
et al., 2002), therefore more carbonate sediments were supplied
to the sedimentary basin (southern margin of the Paleo-thetys
Ocean or northern parts of the Gondwana land). The facies distri-
bution, stratal patterns and sequence boundaries permit the iden-
tiﬁcation of four separate 3rd-order depositional sequences and the
sequences that occurred during of the late Givetian, Frasnian and
Famennian time (Fig. 10). In the present study, the Devonian Bah-
ram Formation is regarded as a megasequence (Kaskaskia Cycle)
based on the world cratonic models (Sloss and Speed, 1974). The
regional correlation of the upper Palaeozoic successions (Fig. 2) in
Iran and neighboring countries shows for the studied-formations
that Juban Formation in Saudi Arabia, Kuwait (partly), Chalki vol-
canics, Pirispiki, Kaista and part of Ora formations in Iraq, the
Yeginili Pendik and Buykecell formations in Turkey, Khoshyilagh
Formation in Alborz Iran and parts of Muli and Zakeen formations
in NW and South of Iran (Zagros) respectively (Sharland et al.,
2001).
7.1. Sequence 1
Sequence 1 represents the near shore deposition of the Bahram
Formation which overlies the continental sandstone of the middle
Devonian Padeha Formation. The lower boundary of the ﬁrst
sequence is marked (SBI) at the sandy dolomitizedmudstonewhich
contains one mud crack (Bahram Formation) at the top of the
sandstone and conglomerate (Padeha Formation) in the studied
sections. There is an unconformity (SBI) developed between the
Padeha (continental rock sandstone and conglomerate) and Bah-
ram Formation. Therefore, it is interpreted as a (SB) sequence
boundary Type-1 at the base of sequence 1. The sequence 1 in the
lower part of the Bahram Formation is classiﬁed into lowstand
systems tract (LST), transgressive systems tract (TST) and highstand
systems tracts (HST) (Fig. 10). The basal part of sequence 1 pre-
dominately consists of tidal ﬂat lagoon and shoal facies. This
sequence begins with ferruginous sandy dolomites limestone, and
shale as a lowstand systems tract (LST). The onset of fossiliferous
limestone with coral, crinoid and whole echinoderms represents
the transgressive surface (TS) and the beginning of the trans-
gressive systems tract (TST). The maximum ﬂooding surface (MFS)
of sequence 1 is represented by limestone and shale that are very
rich in phosphorite (Fig.10). Phosphorite was most likely associated
with upwelling and cooler-water conditions on the shelf during
maximum transgression (Katherine et al., 2002). The highstandsystems tracts (HST) of this sequence are dominated by limestone
and sandstone (Tidal ﬂat and shore facies). Thickness of sequence 1
varies between 115m in Hutk and 170m in Sardar sections (Fig. 11).
Its age is Givetian and Frasnian. The early highstand systems tract in
Hutk section is characterized by a proliferation of grain-supported
shoal facies (such as ooid bioclastic grainstone). This part mainly
comprises the shoal and tidal ﬂat facies association. The upper part
of sequence 1 (late HST) indicates upward shallowing trend. Pro-
gradation of siliciclastic into late HST is inferred by sandy bioclastic
grainstone and ooid bioclastic grainstone overlain by sandstone
and sandy dolomitized mudstone bearing fenestral facies (Fig. 10).
The shallowing-upward trend from shore is indicative of a pro-
gradational stacking pattern during the highstand systems tract
(Kwon et al., 2006).
7.2. Sequence 2
This sequence has a thickness of about 75 m (Hutk) and 102 m
(Sardar). The type 1 basal sequence boundary is marked by fenes-
tral dolomudstone and mud cracked shale facies. Dolomitized
supratidal deposits with dissolution features, fenestrate and mud
cracks indicate subaerial exposure (Catuneanu et al., 2005).
Therefore, it is interpreted as a SBI sequence boundary at the base of
sequence 2. The LST sediments of this sequence include pelloid and
bioclastic limestone deposits, which are deposited in tidal ﬂat and
lagoon settings. The TS surface is located in the basal part of the
pelloid and bioclastic wackstone deposits. The part of the sequence
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A. Hashmie et al. / Geoscience Frontiers 7 (2016) 821e8348321 (TST) consists of different shoal facies [such as ooid aggregate
grainstone, ooid bioclastic grainstone (only Sardar section) and
intraclast bioclastic grainstone facies] and shows a deepening up-
ward unit. Maximum ﬂooding surface located at the tops of the TST
corresponds to a shift with associated open marine facies (Fig. 10).
Bioclastic wackestone with abundant brachiopod debris represents
deep-water facies and is interpreted as the MFS. Sediments that
overlie the MFS mainly consist of lagoon, with thin intervals of
shore facies (HST). The late HST shows a trend toward more pro-
tected sediments (pelloid bioclastic wackstone with major umbel-
lina algae), expressing a ﬁlling of the accommodation space. The
highstand systems tract (HST) comprises alternations of lagoon
facies and shallow marine facies. The uppermost interval of this
systems tract shows sandy shale lithology that is used to detect the
sequence boundary. These sediments are interpreted as the HST.
The HST shows a trend toward more protected sediments,
expressing ﬁlling of the accommodation space. The depositional
sequence 2 formed during the late FrasnianeFamennian.7.3. Sequence 3
The boundary between sequence 2 and 3 is associated with
shoreface that shows no clear evidence of sudden falling of sea
level. Rapid fall of relative sea level caused the formation of com-
posite sequence boundary (TS þ SB type 2) at the base of the TST
sediments. This sequence is 125 m (Hutk section) and 82 m (Sardar
section) thick and its microfacies association can grouped into
transgrassive and highstand systems tracts. The lower part of
sequence 1 (TST) is characterized by ooid bioclastic grainstone and
coral boundstone (only in Sardar section) with intercalated shale.
The MFS is marked by a phosphorite rich marine microfacies and
separates TST from HST. Seem an ooid bioclastic grainstone with
superabundant bryozoans and crinoids overlies the MFS. These
sediments are interpreted as the early HST, which deposits are
mostly composed of shoal microfacies. Inter bedded shoal deposits
with alternation of calcareous shale indicate late HST deposits. The
late HST shows a trend toward increased sedimentation (shoal and
shallow facies), expressing a ﬁlling of the accommodation space.
The boundary between sequence 3 and sequence 4 is put at the top
of a quartzarenite petrofacies (Fig. 11). In both sections, the upper
boundary of the third depositional sequence is SB type 1 with the
presence of Scoyenia ichnofacies in sandstone (10 cm) at Sardar
section and quartzarenite facies (white quartarenite guideline
layers in observation ﬁeld) at the Hutk section. This sequence is late
Famennian in age and increasing sediment supply, resulting from
shoal transgression, is recorded by the deposition of shoal sedi-
ments (TST). A long period of shoal conditions, reﬂecting a balanced
situation between accommodation and sedimentation, character-
izes the aggradational depositional pattern.7.4. Sequence 4
The LST sediments of the fourth depositional sequence include
tidal ﬂat and shoal facies (in both sections). The sea level trans-
gression caused the deposition of shallow subtidal facies within an
aggradational stacking pattern in sections area. In addition to tidal
ﬂat and shoal deposition during the fall of sea level. These are
interpreted as the lowstand systems tract (LST) of this sequence.
The end of the LST sediments is placed at the top of the Bahram
Formation, which is overlain by the carbonate deposits of the Hutk
and Jamal formations (Carboniferous). An increase in 3rd-order
accommodation space is indicated by shoal facies overlain by
shallow-open marine facies. This sequence has been aged
Famennian.
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Generally, the lower Devonian and part of middle Devonian
succession is absent in most part of the middle East, due to erosion
during the Hercynian Orogeny (Wendt et al., 2002) but the basal
part of Bahram Formation of latest Givetian age in the sections,
transgressively overlies the top of Padeha Formation and continues
to the Famennian. It conformably underlies the gray limestones and
massive dolomites of early Carboniferous Hutk Formation. Bahram
Formation in the north of Kerman basin mainly consists of
carbonate-clastic (limestone, dolomite, sandstone, shales). 14 mi-
cro/petrofacies types dominated by matric, allochem and sedi-
mentary structures were identiﬁed in the carbonates and clastics of
the Bahram succession. The late Devonian part of the succession is
the most different in the north of Kerman city (south Tabas block)
(Wendt et al., 2002) with a dominance of siliciclastic deposits of
shelf to shoreline environments. The other two sections are char-
acterized by a mixed succession of carbonate siliciclastic shelf de-
posits. The sedimentation of the Bahram Formation took place on a
shallow carbonate-siliciclastic mixed shelf setting, in a shelf facies
belts consisting of shore, tidal ﬂat, lagoon, barrier shoal and shallow
open marine. The regional differentiation most likely reﬂects their
position on separate tectonic blocks on which different facies
conditions developed due to different tectonic movements. In
accordance with the global trend, the middle Devonian to upper
Devonian is uniformly dominated by the production of massive
carbonates, mostly of reefoidal origin, although a thick intercalation
of biolaminated carbonates in the study area records a long period
of restricted extremely shallow-water conditions. The four upward-
shallowing cycles recognized from the Bahram Formation are
related to sea level variations. Three complete 3rd-order deposi-
tional sequences and one sequence joint with Hutk Formation in
shallowing patterns were recognized in the studied formations. The
predominant facies associations developed in formation demon-
strate an overall transgression-regression cycle in themiddle to late
Devonian in the southern Tabas block.
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